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Context I 
-­‐  Nb3Sn:	
  	
  

-­‐  For	
  field	
  strengths	
  10	
  -­‐	
  18	
  T	
  	
  
-­‐  BriSle	
  &	
  strain	
  sensi2ve	
  material	
  
-­‐  “Wind	
  &	
  react”	
  
-­‐  Nb3Sn	
  structure	
  forma2on	
  at	
  ~	
  650°	
  C	
  (for	
  days)	
  

-­‐  Impregnated	
  coils	
  
-­‐  LBNL:	
  Development	
  of	
  high-­‐field	
  Nb3Sn	
  dipoles	
  and	
  quadrupoles	
  
-­‐  U.S.	
  LARP	
  collabora2on	
  (LBNL,	
  FNAL,	
  BNL,	
  SLAC):	
  Demonstra2on	
  of	
  

Nb3Sn	
  technology	
  matureness	
  for	
  the	
  high	
  luminosity	
  LHC	
  
-­‐  Large	
  aperture	
  quadrupoles	
  for	
  the	
  interac2on	
  region	
  upgrade	
  

-­‐  Quench	
  protec2on	
  is	
  one	
  of	
  the	
  several	
  challenges	
  in	
  the	
  
development	
  of	
  long	
  Nb3Sn	
  accelerator	
  magnets	
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Outline 
	
  Introduc*on	
  
•  Quench	
  process	
  and	
  protec2on	
  challenges	
  in	
  long	
  Nb3Sn	
  magnets	
  
•  Technology	
  jump	
  from	
  LHC	
  NbTi	
  
•  State-­‐of-­‐the-­‐art	
  quench	
  protec2on	
  &	
  its	
  limita2ons	
  
•  Research	
  in	
  my	
  PhD	
  
Qcode	
  development	
  
•  Modeling	
  goals	
  
•  Status	
  and	
  demonstra2on	
  
Summary	
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  its	
  limita2ons	
  
•  Research	
  in	
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  goals	
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  and	
  demonstra2on	
  
Summary	
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  A.	
  Godeke	
  –	
  This	
  is	
  the	
  2tle	
  half	
  page	
  

	
   	
  	
  Joule	
  hea2ng:	
  
	
  	
  

Quench – A local resistive transition + 
thermal runaway 

Higher the copper current density, faster the action needed. 

!"#$%!!!"#$%& ! !!"!!"!  

Strands in Nb3Sn cable 

Cu 
current 

SC 

!!!"!!!!"#!!"!!!!!
!!" ! ! ! !"!!"!!!!

!!!!!" ! !!! ! !"!!!!!!

!!" ! !""" !
!!! ! !"#$%!!!!!!!!!!!!!!!!"#!!"!! !

! !"#$%!!!"#$%& ! !!!"!!! 

Example	
  
Nb3Sn	
  LARP	
  HQ:	
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The stored magnetic energy dissipated 
in the resistive heating 

Larger the stored energy, the larger the resistive volume 
needed to absorb it.  

Quench  

Heat 

Quench  

Magnet Magnet 

SOLUTION	
  	
  
	
  

!! ! !!
! ! !! !  

 

Temperature rise: 
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Basic quench protection circuit  

1.	
  Quench	
  detec2on	
  	
  
2	
  .Current	
  supply	
  disconnec2on,	
  ac2vate	
  PH	
  and	
  Rdump	
  	
  
3.	
  Protec2on	
  heater	
  efficient	
  +	
  Rdump	
  connected	
  
à	
  4.	
  Circuit	
  resistance	
  increase	
  à	
  Current	
  decay	
  

I0 

time 

rquench 

Rdump 

τ = L/(Rdump+ rquench) 

CS 

PH 

1. 2. 3. 4. 
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  A.	
  Godeke	
  –	
  This	
  is	
  the	
  2tle	
  half	
  page	
  

** In LHC parameters for nominal operation 

!"#"$%&%#'("&()*+(,( -.( ((((/.( 01( 0.23( 0.21(
!"#$%&'()*' +,-' .,/' 01,+' -,1' 2,2'
34"5%65"'())*' /.' 07.' 2-' 8.' 8.'
9&:5%';<)4="'>655"#%'?;;'@@(A3*' 02' 0/' 00,B' C8,2' C00,B'
!"##$%&'(%%$)*&+$),-*./&0!"#!"#$$!!' 0-..' ''''''7...' ''''''/+.' C/+.' C07..'
!"#$%&'()*'%+,)"&)!""#$%&' 0+' '''''01,B' '''B,-'' ''''''B,-' ''''''8,8'
!"#$%&'()#()*++),-./0' 71.' '''''''701' DE3' ''''''702' ''''''702'
9%:5"F'"#"5$G'<%'?;;'(AHE)*' ''''''2-.' ''''''01..' 1B.' ''''''+-.' ''''''.,72'
9"=I'J#F6>%<#>"'<%'?;;'()KE)*' 2' '''''C8,8' 8' 01' +,2'

High-­‐gradient	
  Quad.	
  (HQ)	
  

LARP R&D Nb3Sn vs. LHC NbTi 
Long	
  Quadrupole	
  (LQ)	
  CASPI et al.: DESIGN OF 120 mm BORE 15 T QUADRUPOLE FOR LHC UPGRADE PHASE II 145

TABLE I
HQ DESIGNS PARAMETERS

TABLE II
CALCULATED HARMONICS OF HQ (IN UNITS)

layer into two blocks. The overall design parameters are listed
in Table I.

B. Magnetic Design

The magnet was designed to reach a “short-sample” field,
gradient and current of 15.2 T, 219 T/m and 19.5 kA respectively
at 1.9 K (based on Jc of 3000 A/mm at 4.2 K 12 T). The good
field quality at 2/3 of the bore radius was set at a gradient of
120 T/m. Table II lists the first 4 allowed harmonics at low and
intermediate field.

The load pad laminations at the end regions were replaced
with stainless steel to reduce the conductor end peak field to the
same level as that of the straight section. The integrated field
quality over the ends will be addressed at a future date.

C. Quench Protection

A quench analysis has been performed using the program
QuenchPro [14]. The analysis evaluated the expected peak
temperature in the coil (hot spot temperature) after a sponta-
neous quench. With a stored energy of 1.4 MJ, wide protection
heaters are needed for both layers. The protection heaters are
part of a trace: an instrumentation technique adopted in all
LARP magnets relying on printed-circuit technology and based
on a Kapton sheet and a 25.4 microns thick stainless steel

Fig. 2. Final assembly of coils and structure.

foil [15]. A 65% heater coverage and a conservative approach
(low quench propagation velocity and no quench-back) result
in a hot spot temperature of around 300 K for a short sample
quench at 4.4 K but reaches 400 K at a short sample current
at 1.9 K. We consider such a rise in temperature unacceptable,
nevertheless given the limited number of options the degree
of our conservative approach will need to be experimentally
evaluated.

D. Assembly and Cool-Down

The coil-pack subassembly consists of four aluminum col-
lars that are clamped and bolted over the coils and align the
coils by compressing four keys between them (Fig. 1). The keys
are embedded in each coil’s outer layer island/pole. The collars
are used for assembly and alignment only and not to provide
pre-stress as commonly used in NbTi magnets. Surrounding the
faceted collars are four steel pads with matching facets. The
pad-quadrants are lightly bolted to each other completing the
coils subassembly.

A second subassembly is the structure which consists of an
iron yoke and an aluminum shell. The shell and yoke are locked
together following a bladder operation that stretches the outer
shell by pushing the inner iron yoke against it. During this op-
eration, alignment dowels are inserted in precision-machined
grooves between the yokes and the shell inner surface in four
places. Interference “gap-keys” are placed between the yokes to
lock, unitize and preload the subassembly.

During the final assembly, the coil-pack assembly is inserted
into the shell-yoke structure on faceted “master keys” (an align-
ment feature) which engage matching profiles in both coil-pack
and yoke structures. Bladders and interference load keys (Figs. 1
and 2) are inserted between the master keys. Bladder pressuriza-
tion operations are performed to, outwardly, push the yokes (to
stretch the shell) and, inwardly, compress the coil-pack. Once
the target azimuthal strain on the instrumented shell is attained,
the load keys are interference shimmed. The bladders are de-
flated and removed along with the gap keys, collapsing and
locking the shell-yoke structure onto the keys and coil pack. The
tension in the outer aluminum shell is now balanced by the az-
imuthal compressive stress in the coils. The final coil pre-stress
is achieved during cool-down as the aluminum shrinks over the
yoke and pads due to the thermal expansion differences between
the two.

LHC	
  NbTi	
  Main	
  Dipole	
  (MB)	
  
and	
  IR	
  quad.	
  (MQXA/B)	
  

G. Ambrosio (2011)                                                   S. Caspi (2011)           LHC design report 

Next	
  LARP	
  goal:	
  Long	
  HQ	
  (LHQ)	
  –	
  3.6	
  m	
  scale	
  up	
  of	
  HQ	
  
Full-­‐scale	
  IR	
  quad:	
  	
  6	
  –	
  10	
  m	
  long	
  “HQ”	
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State-of-the-art quench protection and its 
limitations 

11 cm 23 mm wide 
9 mm,  

4 strands covered   

Impregnated Coil (PC1)

S. Caspi8/25/2010 !"

•  LARP Trace technology: 25 µm stainless steel circuits on a 45 µm Kapton® 
sheet 

•  Dump resistor in magnet tests 

                      HQ – 1  m     LQ – 3.6 m 
 

Limitations: 
1)  Long magnets à Heater powering 
2)  Superfluid He à “Bubbles” in inner layer heaters 
3)  Reaction temperatures & Kapton à No heaters between layers  

  
Can this technology be suitable for longer magnets? 

H. Felice (2009) 
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Research in my PhD 
GOAL:  
Protect long high-field Nb3Sn magnets. 
Find a technical solution to quench the winding fast and uniformly 
after a quench.  
 
Research questions: 
1)  What is an optimum protection heater layout for any given 

magnet? 
-­‐  “Given	
  magnet”:	
  length,	
  stored	
  energy,	
  cable,	
  opera2on,	
  “environment”	
  
-­‐  To	
  be	
  minimized:	
  Temperature	
  peaks	
  and	
  gradients,	
  voltages	
  
-­‐  Variables:	
  Protec2on	
  heater	
  layout,	
  materials,	
  powering,	
  external	
  circuit 

2)  Is there a length / stored energy limitation  in  protecting 
magnets using protection heaters? 

3)  Distribution of resistive and inductive voltages during a 
quench 
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Star*ng	
  point:	
  

	
  
	
  
	
  
	
  
	
  
In	
  my	
  PhD:	
  Systema2c	
  protec2on	
  	
  
heaters	
  study	
  in	
  different	
  magnets	
  
-­‐  Integrate	
  a	
  numerical	
  quench	
  
	
  	
  	
  	
  	
  protec2on	
  simula2on	
  model	
  	
  
	
  	
  	
  	
  	
  with	
  other	
  analysis	
  sonware	
  
-­‐  Protec2on	
  experiments	
  
	
  	
  	
  	
  	
  
	
  
	
  

Context II 

Impregnated Coil (PC1)

S. Caspi8/25/2010 !"Protection of short R&D 
quadrupoles and dipoles 
H. Felice (2009)  

Integrated magnet design at 
LBNL 
S. Caspi (2006) 

Quench propagation 
calculation 
D. Arbelaez (2010) 

Work in progress – Here 
presented the status of the work.  

Qcode 
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Outline 
	
  	
  Introduc*on	
  
•  Quench	
  process	
  and	
  protec2ng	
  challenges	
  in	
  long	
  Nb3Sn	
  magnets	
  
•  Technology	
  jump	
  from	
  LHC	
  NbTi	
  
•  State	
  of	
  the	
  art	
  quench	
  protec2on	
  &	
  its	
  limita2ons	
  
•  Research	
  in	
  my	
  PhD	
  
Qcode	
  development	
  
•  Modeling	
  goals	
  
•  Status	
  and	
  demonstra2on	
  
Summary	
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Integrated 3-D magnet design at LBNL 

2D cross-section 
from ROXIE or 

PKLBL + 

BEND CAD VF Opera 3D ANSYS 3D Qcode 

End optimization and 
peak field management 

(length of yoke) 
 End parts and 

island 
fabrication 

 

3D Mechanical 
Analysis 

 

Thermal & 
electrical 
quench 
analysis 

 

Turn by turn 
coil model 
for cos nθ 
magnets 

S. Caspi, and P. Ferracin, “Towards Integrated Design and Modeling of High Field Accelerator Magnets” (2006) 

NEW 
 ADDITION! 
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Qcode idea 

Coil geometry, magnetic field, 
cable parameters and 
operation conditions 

Qcode 

Protection heater design 

Temperature and 
voltage evolution 

Electrical circuit and 
protection components 

23 mm wide 11 cm 9 mm, 4 strands 
covered 

Example of a heater design ( LARP LQ) 

VALIDATION with 
protection heater 
experiments during 
magnet tests 

GOAL: 
Protection heater 
modeling and 
optimization 
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Programming starting point 
•  A	
  code	
  by	
  D.	
  Arbelaez	
  (LBNL):	
  Quench	
  propaga2on	
  in	
  a	
  wire	
  

•  Longitudinal	
  segmenta2on	
  
•  Material	
  proper2es	
  in	
  each	
  cross-­‐sec2on	
  
•  Computa2on	
  of	
  heat	
  fluxes	
  in	
  /	
  out	
  (finite	
  difference	
  method)	
  +	
  internal	
  hea2ng	
  

•  Developments:	
  Cable	
  and	
  coil,	
  magne2c	
  field,	
  protec2on	
  heaters,	
  flexibility	
  
	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Calcula*on	
  loop	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  

D. Arbelaez et el., "Numerical 
Investigation of the Quench 
Behavior of  
Bi2Sr2CaCu2Ox Wire” (2010) 

Material properties, Ext. heating. 

Calculate resistive voltages  Quench detection 
  

             delays 
 

Dump resistor, 
PH firing 

Calculate current decay 

Calculate temperature increase 

Calculate the quench propagation velocity 

Loop until 
end of the 
simulation 

time 
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Coil geometry 
-­‐  Input:	
  Coil	
  geometry	
  file	
  
-­‐  Cable	
  discre2za2on	
  	
  
-­‐  Lateral	
  thermal	
  neighbors	
  	
  
-­‐  Detec2on	
  of	
  a	
  structural	
  component	
  (a	
  wedge	
  or	
  a	
  spacer)	
  

Example geometry: Inner 
layer of the HQ coil 
by courtecy of S. Caspi 
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!!! !
!"
!" ! !!"#$! ! ! !!"#$%&! ! !!"#$%! ! !!"#$%! !! !!"! !! !!" ! !!"! ! !!!!

! !
!" !!!!!

!"
!" ! !

!" !!!!!
!"
!" ! !

!" !!!!!
!"
!" ! ! !! ! !!!!

!
!!!" ! !!" ! !!"# ! !!"  

 

(1) 

!  

 

•  Quench	
  ini2a2on	
  
•  In	
  each	
  segment	
  balanced	
  the	
  heat	
  fluxes	
  in	
  /	
  out	
  (n	
  x	
  1D)	
  
•  Finite	
  difference	
  with	
  6th	
  order	
  Runge-­‐KuSa	
  algorithm	
  &	
  adap2ve	
  2me-­‐stepping	
  
•  Temperature	
  rise	
  à	
  Current	
  	
  sharing	
  à	
  Quench	
  

The heat transfer model 

 
 
 

Qcooling 

QPH 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 Qlong 

QJoule 

Qtransv Longitudinally 
segmented  
cable  

QQB 

x,	
  y,	
  z	
  in	
  [m];	
  t	
  in	
  [s];	
  T(x,y,z,t)	
  in	
  [K];	
  Cp(T)	
  in	
  [J/(K-­‐kg)];	
  	
  
γ	
  in	
  [kg/m3];	
  κ(T)	
  in	
  [W/(K-­‐m)];	
  ρ(T,B)	
  in	
  [Ω-­‐m];	
  	
  
Jn	
  in	
  [A/m2];	
  Qext,	
  QPH	
  ,	
  QQB	
  ,	
  QHe	
  	
  in	
  [W/m3]	
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Temperature gradients numerically 

!
!" !! !

!"
!"
! !

!!!!! ! !!! ! !!!! ! ! !!!
!!!!!

!!!!

! ! ! !!!!!!!!
! !!!
!!!!!

!! !
!!!!!
!!!

!!!!

! !!!!
!!!
!!!!!

!!!! ! !! !!!!!!!!
! !!!
!!!!!

!!

! !! !!!!!!!!
!!!!  

!
!" !! !

!"
!"
! !
!!"#$%!!"#

!!! !!!!!!"#$ ! !!
! !!! !!!!!!"#$ ! !!  

!zi!zi"1

Ti Ti+1Ti!1

! i!1 CV ,i ! i+1

Ti Ti+NZturnTi!NZturn

CV ,i

! i2! i1

w h h 

Longitudinal     Transversal 

For the longitudinal and transversal heat flux computation. 
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•  Time and space dependency 
•  Analytical solution under study 
•  Validation with experiments and FEM     

  
      Analytical approximations exists but are not straight 
               forward with non-linear material properties 

Heat flux from protection heaters 

Analytical formula can be coded into 
the program if an acceptable match 
with FEM and experiment 

G10 

Kapton 

Stainless steel 

Cable (~ Cu) 
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Heater layout 
Goal	
  is	
  to	
  model	
  any	
  heater	
  geometry:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Examples	
  	
  	
  
1)  Con2nuous	
  
2)  Hea2ng	
  sta2ons	
  
3)  Combina2on	
  

Op2miza2on:	
  Width,	
  period,	
  “amplitude”,	
  …	
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Model status and demonstration 1 
Development	
  status:	
  
-­‐  Tes2ng	
  of	
  propaga2on	
  veloci2es	
  and	
  hotspot	
  temperatures	
  in	
  progress	
  
-­‐  Magne2c	
  field	
  is	
  ini2ally	
  constant	
  and	
  scaled	
  down	
  with	
  current	
  
-­‐  Protec2on	
  heater	
  layout	
  “by	
  hand”	
  
-­‐  Heat	
  from	
  protec2on	
  heaters	
  directly	
  into	
  the	
  strands	
  	
  
	
  
Example	
  1	
  –	
  Quench	
  propaga2on	
  
Parameters:	
  	
  
-­‐  Ini2al	
  current,	
  field	
  and	
  inductance:	
  14	
  800	
  A,	
  11.7	
  T,	
  6	
  mH	
  
-­‐  Dump	
  resistor:	
  30	
  mΩ,	
  trigger	
  delay:	
  10	
  ms,	
  detec2on	
  threshold:	
  125	
  mV	
  
-­‐  No	
  protec2on	
  heaters	
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Temperature development 

Quench initiation 
Quench 
propagation 
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Example output 
Type	
  of	
  output	
  that	
  can	
  be	
  compared	
  with	
  magnet	
  tests	
  

	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  “Quench	
  propagaCon” 	
   	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  Current	
  decay	
  

Propagation 
to next turn 

Coil  
resistance 
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Voltage taps 
•  Resis2ve	
  voltage	
  across	
  each	
  

segment	
  à	
  Voltage	
  tap	
  
simula2on	
  in	
  arbitrary	
  loca2ons	
  

•  Calcula2on	
  of	
  induc2ve	
  voltages	
  
will	
  be	
  implemented,	
  then:	
  

•  Turn-­‐to-­‐turn	
  and	
  coil	
  to	
  PH	
  
voltages	
  

•  Voltage	
  tap	
  signals	
  vs.	
  quench	
  
type	
  in	
  a	
  magnet	
  test	
  

	
  

Vt 1 - 2 

Vt 2 - 3 

Vt 3 - 4 

Vt 1 
Vt 2 

Vt 3 
Vt 4 

Vt 1-2 

Vt 2-3 

Vt 3-4 

Voltage taps (Vt) in the pole turn 
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Model status and demonstration 2 
Example	
  2	
  –	
  Protec2on	
  heaters	
  
Parameters:	
  	
  
-­‐  Ini2al	
  current,	
  field	
  and	
  inductance:	
  14	
  800	
  A,	
  11.7	
  T,	
  6	
  mH	
  
-­‐  Protec2on	
  heaters	
  fired	
  5	
  ms	
  aner	
  the	
  detec2on	
  	
  
-­‐  Hea2ng	
  sta2ons	
  every	
  ~	
  20	
  cm,	
  covering	
  ~	
  4	
  cm	
  

-­‐  No	
  dump	
  resistor	
  
-­‐  No	
  turn-­‐to-­‐turn	
  propaga2on	
  

Initial quench 

Heater 
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Protection heaters example 
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Example: Protection heaters cover ~ 4 cm  periodically every ~ 20 cm. 
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Animation 
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Outline 
Introduc*on	
  
•  Quench	
  process	
  and	
  protec2ng	
  challenges	
  in	
  long	
  Nb3Sn	
  magnets	
  
•  Technology	
  jump	
  from	
  LHC	
  NbTi	
  
•  State	
  of	
  the	
  art	
  quench	
  protec2on	
  &	
  its	
  limita2ons	
  
•  Research	
  in	
  my	
  PhD	
  
Modeling	
  
•  Modeling	
  goals	
  
•  Development	
  status	
  
Summary	
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Summary 
•  Large	
  coverage	
  of	
  efficient	
  protec2on	
  heaters	
  needed	
  for	
  protec2ng	
  high-­‐field	
  

Nb3Sn	
  accelerator	
  magnets	
  in	
  case	
  of	
  a	
  quench	
  
•  To	
  define	
  general	
  guidelines	
  for	
  heater	
  geometries	
  and	
  protec2on	
  design	
  in	
  

different	
  magnets	
  ,	
  an	
  integrated	
  tool	
  for	
  protec2on	
  design,	
  Qcode,	
  is	
  being	
  
developed	
  at	
  LBNL	
  

•  Qcode	
  modeling	
  goals:	
  
•  Mul2-­‐physics	
  of	
  quench	
  propaga2on,	
  temperature	
  and	
  voltage	
  development	
  
•  Protec2on	
  heater	
  geometry	
  and	
  heat	
  diffusion	
  in	
  the	
  coil	
  
•  Fast	
  &	
  flexible:	
  Coil	
  geometry	
  and	
  magne2c	
  field	
  map	
  from	
  external	
  sources	
  
•  Realis2c	
  &	
  reliable:	
  Valida2on	
  against	
  other	
  sonware	
  and	
  experiments	
  in	
  R&D	
  

magnets	
  
•  Op2miza2on	
  algorithms	
  for	
  the	
  heater	
  design	
  
•  Possible	
  extension:	
  Simula2on	
  in	
  “inverse	
  mode”	
  to	
  relate	
  voltages	
  tap	
  signals	
  

during	
  a	
  magnet	
  test	
  to	
  a	
  quench	
  type	
  and	
  origin	
  
•  Qcode	
  development	
  status:	
  	
  

•  Quench	
  propaga2on	
  in	
  a	
  coil	
  and	
  protec2on	
  heaters	
  using	
  simplifica2ons	
  
•  Programming	
  work	
  in	
  progress	
  and	
  first	
  benchmarking	
  of	
  the	
  model	
  expected	
  at	
  

the	
  beginning	
  of	
  2012	
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Thank you! 
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About material properties 

Homogenized volumetric heat capacity: 
 
 
 
 
 
 
 
Thermal conductivity: 
                  
 
 
Electrical resistivity: 
 
 
 
Joule heat generated: 

!Cp ="1
!1Cp,1 +" 2

!2Cp,2 +" e
!eCp,e

! ! !!!!!!! !!! 

Insulation around cable not accounted 

! !! ! !!!!!!! !!!! 
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1 - Copper 
2 – SC 
e - Epoxy 
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“Fits” from: M. A. Susner: “Application of heat 
capacity measurements to analyze the Tc 
distribution of Nb3Sn Samples”. The Ohio 
State University (2010) 
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